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Abstract The growth regulating factor CTGF/CCN-2 is an
integral factor in growth and development, connective
tissue maintenance, wound repair and cell cycle regulation.
It has recently been reported that CTGF/CCN-2 is involved
in very early development having been detected in early
n o t o c h o r df o r m a t i o ni nz e b r a f i s hu s i n gC T G F / C C N - 2
promoter-driven green fluorescent protein (GFP) plasmids.
In these studies fluorescence was detected early in the
developing embryos, a finding of considerable significance
in that CTGF/CCN-2 deficient mutant mice die early after
birth due to severe cartilage and skeletal dysplasia and
respiratory failure. Such findings confirm the importance of
CTGF/CCN-2 in development and of the necessary and
sufficient role of this molecule in formation of the skeleton,
extracellular matrix and chondrogenesis. Of particular
relevance to the relationship between the notochordal cell
and CTGF/CCN-2 there is a remarkable sub-species of
canine, the ‘non-chondrodystrophic’ canine that is protected
from developing degenerative disc disease (DDD). These
animals are unique in that they preserve the population of
notochordal cells within their disc nucleus (NP) and these
cells secrete CTGF/CCN-2. We have detected CTGF/CCN-
2 within conditioned medium developed from the noto-
chordal cells of these animals (NCCM) and used this
conditioned medium to demonstrate robustly increased
proteoglycan production. The addition of recombinant
human CTGF/CCN-2 to totally serum-free media contain-
ing cultures of bovine NP cells replicated the robustly
increased aggrecan gene expression found with NCCM
alone strongly suggesting the importance of the effect of
CTGF/CCN-2 in notochordal cell biology within the disc
nucleus of non-chondrodystrophic canines. The chondrody-
strophic canine, another sub-species on the other hand are
almost totally devoid of notochordal cells and they develop
DDD profoundly and early. These two sub-species of
canine reflect a naturally occurring animal model that is
an excellent example of differential notochordal cell
survival and possible associated developmental differences
in extracellular maintenance.
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Introduction
The early 1990’s marked the discovery and publication of
numerous accounts concerning a host of protein products of
genes in the 35–40 kDa range consisting of CTGF/CCN-2
(connective tissue growth factor), Nov, WISP-2 and WISP-
3, cyr-6. These and now some others have now been
classified as the ‘CCN family’ of genes after the early
suggestion that members of this family of genes acted as
‘growth regulators’ (Peer 1993; Moussad and Brigstock
2000; Brigstock 2003). CTGF/CCN-2 in particular has in
the past been referred to as a growth factor as its earlier
name suggests, however the collective work of a number of
laboratories and in particular the development of knockout
mice has confirmed that CTGF/CCN-2 for example more
accurately serves as a ‘modifier’ of the signals transmitted
by other molecules-such as TGF-β (Moussad and Brigstock
2000; Brigstock 2003; Leask and Abraham 2006; Ivkovic
et al. 2003). It has also emerged and is fairly broadly
accepted within the CCN community that the best designa-
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will remain consistent throughout this review. It is now
widely accepted that CCN-2 exerts important homeostatic
control of connective tissues by virtue of its ability to
mediate extracellular matrix processes. CCN-2 proteins
modulate mitosis, cellular migration, binding of other
growth factors, wound healing and have varying influence
concerning either pro- or anti-apoptotic signaling depend-
ing upon the cells and tissues involved (Leask and
Abraham 2006;G y g ie ta l .2003; Croci et al. 2004;
Hishikawa et al. 2000). Over-expression of CCN-2 leads
to significant morbidity such as is the case with fibrotic
diseases such as may be the case with scleroderma and
fibrosis affecting other organ systems such as the liver,
kidney, lung, pancreas and others (Moussad and Brigstock
2000; Ivkovic et al. 2003; Perbal 2004; Ming-Jyun et al.
2006). Furthermore, elevated CCN2 expression has been
reported to play a crucial role in migratory/invasive
processes in breast cancer (Pai-Sheng et al. 2007). On the
other hand, human lung adenocarcinoma cells stably trans-
fected with vectors containing CCN2 and injected into nude
mice were found to resist metastatic activity. In this study it
was theorized that CCN-2 induced inhibition of metastasis
may have been the result of inhibiting VEGF-A—depen-
dent angiogenesis-perhaps as a consequence of increasing
the degradation of HIF-1 (Cheng-Chi et al. 2006). There-
fore it has emerged that CCN-2 has widely diverse
functions and is associated with a broad range of
physiological activities. One area that has received far less
attention has been the dynamic role of CCN-2 in develop-
ment, particularly with respect to the varying influence of
this molecule from early embryogenesis through to the
mature organism in various tissue compartments and its
contribution to health and disease as a function of its
changing expression patterns.
The role of the Notochord in development
The notochord is common to all higher vertebrates as a
developmentally vital structure. During development the
notochord serves to define the longitudinal axis and provide
‘stiffness’ to the developing embryo-as well as to function
as a source of differentiation signals to local undifferenti-
ated mesenchymal tissues (Ming-Jyun et al. 2006; Smits
and Lefebvre 2003; Marcelle et al. 1999; Barrionuevo et al.
2006; Hirano and Najita 1995). The notochord is of
mesodermal origin and forms during the gastrulation phase
of the developing embryo where the early notochord begins
as at the primitive pit and ultimately becomes a rod-like
structure that is enveloped within a sheath composed of
predominantly extracellular matrix, collagens and proteo-
glycans, all of which are similar to the composition of
cartilage and mesenchymal/fibrous tissues (Smits and
Lefebvre 2003; Barrionuevo et al. 2006; Cappello et al.
2006). The notochord most closely resembles cartilage in
terms of its tissue type and as such the stiffness it provides
during development provides for an axial skeleton-like
structure until somitogenesis provides for the development
of the axial skeleton (Stemple 2005). Signals secreted by
the notochord are required in order for sclerotomal cells to
migrate, condense and differentiate-all of which are central
to the formation of the vertebral column and the developing
spinal cord (Hirano and Najita 1995).
The spinal cord is formed from condensation of neural
crest cells that migrate and lie dorsal to the notochord,
forming the neural tube and ultimately the spinal cord
(Echelard et al. 1993; Hirano et al 1996). The terminal
stage of notochord development in higher animals is
marked by the notochord segmenting during vertebro-
genesis and in the vertebral regions it is largely replaced
by bone and in the intervertebral areas it forms the centre of
the intervertebral disc-the nucleus pulposus (Stemple 2004,
2005).
A number of factors are involved in the complex process
of notochordal evolution specifically including the expres-
sion of the brachury gene T that codes for the T-box
transcription factor-commonly referred to as “T”, as well as
Sonic Hedgehog (SHH), Noggin and Pax1 all of which play
essential roles that induce differentiation of the sclerotome
(Barrionuevo et al 2006; Ghosh 1988a). The T gene is
expressed in all mesodermal cells and is expressed within
the notochord until formation of the developing embryonic
body is completed (Herrmann and Kispert 1994). T
however is expressed only transiently by other mesodermal
cells demonstrating the directed activity of this gene in
notochordal development (Herrmann and Kispert 1994). In
mutant mouse studies it has been found that T is necessary
for the maintenance of the notochord and that T seems to be
a controlling factor in cell motility and/or cell adhesion
(Herrmann and Kispert 1994). Interestingly T protein is
able to switch the fate of cells from an ectodermal to a
ventral mesodermal destination allowing ventral mesoder-
mal cells to respond to diffusible dorsal signal factors. As
the following sections detail, there is an early role for CCN-
2 in development and in the formation of the notochord in
particular. It is therefore an attractive notion that CCN-2
may well interact with such important differentiation and
signaling pathways such as those involving T protein as
well as other critical transcription factors such as those
encoded by the Sox genes. For example, it has been shown
that CCN-2 interacts with WNT signaling in Xenopus
development and that it is able to inhibit canonical
signaling involving β-catenin as well as non-canonical
signaling probably via interaction with the WNT receptor
complex (Mercurio et al. 2004). Further evidence of the
complex interaction of CCN-2 with development is that
60 W.M. Erwinoverexpression of CCN-2 in Xenopus results in inhibition
of neural crest migration-perhaps by virtue of WNT
pathway inhibition (Mercurio et al. 2004). The reader is
referred to the detailed report by Mercurio et al for further
details concerning CCN2 activity and WNT signaling
(Mercurio et al. 2004).
Once the sclerotome is formed, in addition to T, the
notochord is known to be heavily influenced by several key
transcription factors encoded by Sox5, Sox6 and Sox9 genes
(Smits and Lefebvre 2003; Barrionuevo et al. 2006). The
Sox expression pattern found in the notochord has similar-
ities to that observed in cartilage where Sox 5, 6 and 9 are
coordinated and linked (Lefebvre et al. 2001). The Sox
genes encode a number of DNA-binding proteins that are
considered to be important relatively late in development as
opposed to the earlier stages where they are considered to
have some redundancy (Smits and Lefebvre 2003). In
general, the Sox DNA binding proteins are thought to
perform their various functions in a sterically-defined
manner whereby they act as architectural proteins and
organize chromatin structure and assemble other DNA-
bound transcription factors into larger more complex multi-
protein units (Wegner 1999). It is likely that Sox proteins
link proteins to signal transduction pathways (such as these
multi-protein units) which by themselves may not be
capable of inducing signal transduction. Sox5 and 6 gene
transcripts are known to be expressed in cartilage but no
other tissues in the developing mouse and have some kind
of co-operative function with Sox9-considered to be the
‘master chondrogenic factor’ (Smits and Lefebvre 2003;
Lefebvre et al. 2001). Sox5 and 6 are considered to be
crucial to the survival of notochordal cells within the disc
nucleus pulposus, a potentially vital pathway inherent
within the cells of animals that retain their notochordal
cells into adulthood (Moussad and Brigstock 2000; Smits
and Lefebvre 2003). Indeed Sox5
−/− and 6
-/- mutant mice
demonstrate aberrant removal of notochordal cells from the
intervertebral areas and do so later than wild type embryos
in mice-the theory being that this delay may be associated
with a delay in cartilage development and/or apoptosis of
notochordal cells (Smits and Lefebvre 2003). These Sox5
−/−
and 6
−/− mutant mice display a failure to form a nucleus
pulposus, along with severely distorted vertebral column
development confirming the pivotal role that these genes
play in directing the development, maturation and survival of
the disc nucleus pulposus (Smits and Lefebvre 2003).
In what is likely a more upstream effect, mutant mice
lacking Sox9 expression fail to develop a normal notochord
however the survival of notochordal tissue in the presence
of normal Sox9 signaling poses a strong argument for the
importance of this transcription factor in notochordal cell
maintenance in addition to its known role in chondro-
genesis and likely the cooperative interaction of Sox 5, 6,
and 9 (Moussad and Brigstock 2000). In addition, Jun (a
major transcription factor essential for embryonic develop-
ment) elicits anti-apoptotic signaling critical to the survival
of notochord cells (Croci et al. 2004; Marcelle et al. 1999).
However, the precise mechanisms at play in the pivotal
morphological evolution of notochordal cells whereby they
become located within the nucleus pulposus of the
intervertebral disc (IVD) are largely unknown-as is the role
played by these cells within the disc (Moussad and
Brigstock 2000; Pai-Sheng et al (2007). Clearly there is a
delicate and precise ‘ballet’ involved with the development
of this anatomically central structure whereby aberrant
expression of any of these elements create a highly
disturbed phenotype.
CCN-2 and the Notochord
With respect to the role played by CCN-2 during
development, a recent study introduced anti-sense oligonu-
cleotides into zebrafish embryos to in order to specifically
knockdown CCN-2 expression (Ming-Jyun et al 2006).
Further these investigators also injected a series of CCN-2
promoter-driven green fluorescent protein (GFP) plasmids
into one-cell-stage zebrafish embryos in order monitor the
expression of CCN-2. The targeted knockdown of CCN-2
led to a malformed and distorted notochord in the
developing embryo and many of the embryos died in early
developmental time periods (Ming-Jyun et al 2006). The
promoter-driven GFP signal was detected in the midline,
floor plate and head section of the notochord of the
developing embryos confirming the expression of CCN-2
during embryological development in general and the
notochord specifically. The detection of CCN2 linked
GFP within the midline, floor plate and head section of
these developing embryos is all the more intriguing when
taken in context with the findings that T is considered to be
involved with cellular functions concerning cell adhesion
(Herrmann and Kispert 1994). CCN-2 is well known to be
highly involved in cell growth, migration and adhesion and
although there are no direct references in this regard, the
detection of GFP-linkedCCN-2 in the developing noto-
chord provides for the notion that an axis involving CCN-2
and T in notochord development and maintenance may be
more complex than is currently understood.
These findings are of considerable relevance in the
context of the lethal phenotype generated by the deletion of
CCN-2 in mice that results in severe skeletal dimorphisms
that is also inconsistent with life shortly after birth (Ivkovic
et al. 2003). These CCN-2 deletion mutants are born with
severe skeletal abnormalities, malformed rib cages and die
due to poor extracellular matrix synthesis, defective
cartilage and associated respiratory failure (Ivkovic et al.
2003; Ming-Jyun et al 2006). However, there is as of yet no
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nucleus pulposus-in particular what transpires in terms of
notochordal cell development apart from impaired skeleto-
genesis.
With respect to initial notochordal signaling, it is widely
recognized in studies involving zebrafish, drosophila and
chicks that SHH is a key inductive signal for ventral
patterning of the CNS and that a gradient of signaling
seems to exist between dorsal ectodermal and ventral
mesodermal signaling in CNS development (Horne 2004).
The floor plate releases SHH which results in neuronal
patterning that are directly related to the gradient of SHH
signals and their interaction with undifferentiated mesen-
chymal cells. It was as a consequence of these important
experiments that SHH became known as a classic morpho-
gen. It has been reported in other studies that the CCN-2
regulatory region has a shared homology within the zebra
fish SHH gene; further lending support to the essential
involvement of CCN2 in key developmental processes
involving embryological developmental patterning (Ming-
Jyun et al. 2006).
Notochordal cells and the intervertebral disc
It has been reported that coincident with the reduction in
the number of notochord cells, the nucleus pulposus is seen
to undergo typical internal disorganization accompanied by
degenerative changes (Ghosh 1988b; Thompson et al.
1991; Aguiar et al. 1999). However, animals that retain
notochordal cells within their IVD NP do not develop
degenerative disc disease nearly as early or as severely as
those animals that do not retain these cells. There are
natural occurring sub-species of canine that are unique in
that one, the non-chondrodystrophic (NCD) canine is
protected from developing degenerative disc disease
(DDD), whereas the chondrodystrophic (CD) canine (bea-
gles, dachshunds, poodles) suffer significant and early
DDD (Braund 1975). The single most critical difference
between these two sub-species is that the non-chondrody-
strophic canine maintains its population of notochordal
cells within the nucleus pulposus (NP) of the IVD for most
of the life of the animal whereas the CD canine contains
sparse notochordal cells by even 1 year of age. During the
course of harvesting notochordal cells from canine sources
the number of notochordal cells available is strikingly
different between these sub-species. The experience of this
writer is such that 30 lumbar IVD NP’s harvested from five
(5) 8–12 month old NCD canines (6 lumbar discs each) will
typically yield 40–45×10
6 notochordal cells. Eight (8) CD
canines on the other hand using 6 lumbar IVD NPs
obtained from each will typically yield only 3–4×10
6
notochordal cells. The disorganization and degenerative
changes witnessed in notochordal cell-poor animals strong-
ly suggests that notochord cells when present, act as matrix
‘guardians’ that continue to secrete growth and other factors
therefore modulating a homeostatic protective action on the
disc matrix (Aguiar et al. 1999; Oegema 2002).
Aguiar, Johnston and Oegema were the first amongst a
very few to suggest that notochordal cells were able to
biochemically contribute to IVD homeostasis by develop-
ing a crude conditioned medium and evaluating proteogly-
can production in bovine disc-derived NP cells (Aguiar et
al. 1999). This first study by this group was followed by
our own studies of this relationship. In one study we
reported that totally serum-free notochordal cell condi-
tioned medium (NCCM) obtained from NCD notochordal
cells could in a dose-dependent fashion, upregulate proteo-
glycan production and in a non-dose-dependent fashion
increase cell proliferation in bovine caudal disc NP cells
(Erwin and Inman 2006). In a second study, also using
bovine caudal disc NP as the target cells, we demonstrated
upregulated gene expression for the essential extracellular
matrix proteoglycans aggrecan and versican after 24-hour
culture with totally serum-free notochordal cell conditioned
medium (Erwin et al. 2006). In addition, gene expression
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Fig. 1 Aggrecan gene expression (normalized to HPRT) for disc-
derived chondrocytes. Chondrocytes were cultured for 24 h with
either, DMEM, 50 ng/ml, 100 ng/ml, 200 ng/ml rCTGF and NCCM.
Amplicons were generated from the reverse transcription and
subsequent PCR using aggrecan specific primers of 1 µg total RNA
harvested from treated chondrocytes (Trizol). The above results reflect
mean gene expression ratios of between 5 and 9 separate experiments
all from at least three separate sources of chondrocytes and notochord
cells. DMEM and CTGF 50 were repeated three times, CTGF 100 and
200 were repeated eight times, and NCCM was repeated nine times.
(This figure from Erwin et al. 2006)
62 W.M. Erwinfor hyaluronic acid synthase-2, the enzyme essential for
hyaluronic acid synthesis production was also upregulated
in bovine disc NP cells. Using LC-MS/MS mass spectros-
copy we identified the presence of CCN-2 within the
conditioned medium (Erwin et al. 2006). After we detected
CCN-2 within the notochordal cell conditioned medium,
we cultured bovine NP cells with serum-free notochordal
cell conditioned medium (NCCM) and measured doses of
recombinant human CCN2 (rCCN2) (a kind gift from Dr.
David Brigstock, Ohio State University) and compared
aggrecan gene expression by the bovine NP cells. We found
that 100–200 ng/mL of rCCN2 induced upregulation of
aggrecan gene expression to exactly the same level of
expression as our serum free NCCM derived from NCD
canine-source notochordal cells (Fig. 1) Erwin et al. 2006).
We have recently followed-up our mass spectroscopy
findings and have verified the presence of CCN2 in NCD
notochordal cell lysates using Western blotting techniques
(antibody a kind gift from Dr. Andrew Leask, University of
Western Ontario) (Fig. 2). It appears from our initial studies
that notochordal cells secrete the pro-form of CCN2 that is
activated likely within the cytoplasm to in turn act in a
paracrine fashion upon nucleus pulposus cells. The ques-
tion remains concerning the possible autocrine activity of
CCN2 since it is known to fulfill both functions-and may
well do so within the notochordal cell-rich milieu of the
NCD canine nucleus pulposus (Fig. 3).
It has been reported that the NP cells of non-chondrody-
strophic canines (notochordal cell-rich) produce proteogly-
cans that migrate considerably further from the cell prior to
becoming immobilized within the extracellular matrix than
do proteoglycans produced from notochordal cells of
chondrodystrophic dogs (12). In the case of the chondrody-
strophic canine, this process may be impeded and therefore
hinder the production of a protective peri-cellular matrix
and lead to a loss of these otherwise anabolically important
cells and increase the rate of degenerative change within the
matrix. These differences in proteoglycan biology may
explain both structurally and functionally that the noto-
chordal cell-rich disc may afford superior characteristics
than the notochordal cell-poor chondrodystrophic disc
(Stemple 2005).
Role of apoptosis in DDD
Apoptosis or programmed cell death is essential to tissue
re-modeling and the normal metabolic process of growth,
development and tissue homeostasis. CCN2has been
described as having both pro-apoptotic and anti-apoptotic
properties, depending upon the type of cells and culture
environment studied (Lefebvre et al. 2001; Wegner 1999;
Horne 2004). It has been reported that inhibiting CCN2
production induces apoptosis of rhabdomyosarcoma cells
by removing autocrine CCN2 signaling whereas the
addition of CTGF significantly increased cell survival
(Wegner 1999). On the other hand, it has been reported
that CCN2 induces apoptosis via the type I caspase-3
pathway in human aortic smooth muscle cells (Ghosh
1988b). The notochordal cell-rich IVD NP resists degener-
ative change whereas notochordal cell-poor discs do not.
Perhaps part of the resistance to degenerative change on the
part of notochordal cell-rich discs is afforded by pro-
survival signals secreted by these cells. Since CTGF is
known to promote ECM synthesis, cell proliferation,
proteoglycan and collagen production, our discovery that
38Kd
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Fig. 2 10 μg Notochordal cell lysates run in parallel using rabbit anti-CTGF Western Blot (black arrowhead) lanes 1–2. Control lanes were
murine β-cells, lanes 3–4
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Fig. 3 Schematic depicting notochordal cell interaction with nucleus
pulposus cells. The notochordal cell secretes a pro-form of CCN2 that
is likely activated within the cytoplasm to the active form. CCN2 acts
in a paracrine fashion upon nucleus pulposus cells. The possible role
of TGF-β within this notochordal cell/nucleus pulposus cell milieu is
a question at the present. CCN2 is known to be a downstream effector
molecule of TGB-β signaling-however the specific role of TGF-β
within this pathway has not yet been tested. Notochordal cells secrete
a unique form of aggrecan themselves (depicted as notochordal cell
secreted increased proteoglycan synthesis). Also, soluble factors
secreted by notochordal cells activate nucleus pulposus cells to
increase their proteoglycan production (indicated as increased proteo-
glycan synthesis by nucleus pulposus cells in red)
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the resistance of certain species to the development of DDD
as well as possibly fulfilling an anti-apoptotic function.
The ongoing secretion of CCN-2 on the part of
notochordal cells found within the mature mammalian
intervertebral disc such as the NCD canine is a fascinating
phenomenon. The mechanisms at play within this highly
compartmentalized tissue continue to remain largely unex-
plored. However, unlike fibrotic disease whereby upregu-
lated CCN-2 signaling induces pathological consequences it
may be that within the IVD nucleus pulposus CCN-2
signaling is a highly adaptive response that provides a
favorable environment for long-term homeostasis. The
likely genetic mechanisms responsible for the ongoing
survival of notochordal cells within the NCD canine disc as
opposed to the CD canine disc are not known. Further, the
heterogeneity of nucleus pulposus and notochordal cells
continue to poorly characterized-there is no definitive
marker for notochordal cells.
The role played by CCN-2 in the development of the
notochord has been partially established in mice and lower
animals such as zebrafish. This tends to occur at times when
the developing embryo is in a state of flux, such as when it
lacks a mature circulatory system. However little is known
concerning the biology of notochordal cells that naturally
persist within the avascular IVD nucleus pulposus within the
mature mammal such as the is the case of the NCD and CD
canines. It is likely that the multifunctional role played by
CCN-2 exerts other effects upon the extracellular matrix
milieu and may be a key player in the maintenance of a
healthy compartmentalized tissue such as the IVD nucleus.
The IVD is an immune privileged, avascular tissue compart-
ment which is a very different environment than is
encountered in most other parts of the body. However there
continues to be no explanation for the persistence of
notochordal cells within this compartment by some animals
and not others. Yet such persistence is clearly associated with
superior tissue integrity and protection from degradation. It
may be that certain essential molecular and signaling
switches are activated in the development and maturation
of the notochord in some animals such as the NCD canine
thus intimately involving CCN-2. Such molecular switching
in turn may allow these cells to survive through maturity and
in so doing, preserve matrix integrity within the fully
differentiated tissue compartment such as the IVD nucleus
pulposus. To date however this question remains a perplex-
ing and fascinating area yet to be explored.
Summary
There are many open questions concerning the role played
by CCN-2 both in development and in maturity in a host of
physiological processes. Taken together with a number of
other reports CTGF/CCN-2 appears to play a pivotal role
within numerous signaling pathways that are important in
development, cellular differentiation, cell migration, prolif-
eration, cell adhesion, and a host of other crucial cellular
regulatory functions. As highlighted earlier in this paper
GFP-conjugated CCN2 expression has been detected very
early in development in the zebrafish notochord. The
detection of CCN2 activity at the critical time when the
notochord is undergoing its earliest organization and
differentiation when taken in context with the capacity for
CCN2 to suppress WNT signaling suggests the tantalizing
notion that CCN2 could occupy an unknown yet pivotal
role much earlier in development than current studies have
shown. The situation involving CCN2 within the canine
adult intervertebral disc nucleus pulposus represents some-
thing of an enigma; perhaps in this case mature tissue
within an isolated and avascular tissue compartment
provides a unique physiological niche whereby under
certain circumstances, sustained ongoing secretion of
CCN-2 is more friend than foe.
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